distinct patterns of hysteresis, while the sap flow-PAR relationship displayed three types 48 of hysteresis, and the type of VPD hysteresis that occurred on a given day was 49 correlated with the type of PAR hysteresis occurring on that day. These patterns 50 highlight how multiple environmental drivers interact to control leaf sap flux and that the 51 development of sap flow sensors capable of measuring individual leaves could 52 drastically influence the amount of data recordable for these structures. 
PrePrints

INTRODUCTION 58
Approximately 90% of all water converted from the liquid phase to the vapor phase 59 in terrestrial ecosystems moves through plants (Jasechko et al. 2013) ; in the tropics this 60 amounts to an estimated 32x10 15 kg of water per year (Hetherington and Woodward 61 2003) . Almost all of this water transits through plant leaves. Understanding how leaves 62 respond to abiotic drivers is important for understanding controls on water balance at 63 scales from leaves to landscapes (Jarvis and McNaughton 1986 ), yet our understanding 64 of leaf-level transpiration processes derives almost entirely from cuvette measurements 65 on parts of leaves and from inferring leaf-level processes from measurements on main 66 stems or branches. In the present study, we deploy a new sap flow sensor to measure 67 short-and long-term variability in leaf-level sap flux, thus highlighting the types of 68 questions and measurements its development may enable for future research. 69
Various sap flow methods are commonly used to estimate almost continuously tree 70 responses to environmental conditions for extended time periods (Marshall 1958 ; 71 Scientific Inc., Logan, UT). Sensors were held in place against the petiole or petiolule 158 surface with parafilm, and sensors and connections were insulated with multiple layers 159 of bubblewrap and aluminum foil at least 2 cm above and below the sensor. Consistent 160 with previous applications of the HRM, we measured initial temperatures for 10 seconds 161 prior to firing a 4-second heat pulse, monitored temperatures every 2 seconds for 200 162 seconds after the heat pulse, and initiated the measurement routine every 10 minutes. 163
The heat pulse velocity, v h (cm s -1 ), was calculated from the temperature ratio as: 164
165
where v h is the heat pulse velocity in cm s -1 , k is the thermal diffusivity (cm 2 s -1 ), x is the 166 distance from the heater to each of the thermocouples (cm), and δT 1 and δT 2 are the 167 temperature rises ( o C) above and below the heater, respectively (Marshall 1958 Measurements of k on nights with VPD always above 0.3 kPa were discarded and 179 replaced with the most recently measured k when VPD < 0.3 kPa. We estimated the 180 temperature ratio under zero-flow conditions by excising petioles and petiolules above 181 and below the sensor at predawn at the end of the experiment, greasing the cut ends, 182 placing the segments in a darkened box, and recording the temperature ratios for the 183 subsequent ~4 hours. The average of these zero-flow temperature ratios corresponded 184 very well with the temperature ratios recorded predawn under low VPD (less than ~0.3 185 kPa) conditions. The sensor-specific average temperature ratio under zero-flow 186 conditions was subtracted from all calculated heat ratios. This corrected heat ratio was 187 then used to calculate v h . 188
189
Measurements of PAR and VPD 190
Light measurements were made using S1787 photodiodes (Hamamatsu Functionally, this means that while a large moving window is used for the averaging, 216 points within 80 minutes of the center point contribute ~80% of the total weight used to 217 calculate the loess-smoothed value for the center point. Conveniently, for smaller 218 windows consisting of just a few points (e.g. the six points recorded in a one-hour 219 window) when sap flow changes are consistently unidirectional, the loess smooth 220 approaches a linear regression. 221
For analyses of structure (leaf vs. leaflet) or aspect (east-vs. west-facing leaves), 222 v h measurements from individual sensors in each group were averaged. To estimate 223 the total sap flow during the day and night, we integrated the time course of v h 224 measurements for each day and night using the 'auc' function in the package MESS, 225 which calculates the area under the curve using the trapezoid rule. Daytime was 226 defined as being between 600 and 1800 hours, which corresponded to morning and 227 evening twilight. To minimize the effects of nocturnal refilling, we defined nighttime as 228 being between 100 and 600 hours, which assumed that leaf and stem water potentials 229 had equilibrated within seven hours after sunset. To analyze the effects of VPD on 230 integrated sap flow rates, we linearly regressed integrated sap flow against mean VPD. 231
In all regressions for leaves and leaflets in the day and in the night, the linear model was 232 determined to be as good as or better than both the logarithmic and power functions by 233 comparing the residual standard errors. 234
Differences in the timing of morning sap flow between east-and west-facing 235 leaves were compared at a critical v h of 1.5 cm hr -1 , chosen because it was higher than 236 any measured nighttime velocities and lower than most daytime velocities. 237 On every morning, v h to east-facing leaves increased more quickly than it did to 268 west-facing leaves (Figure 1 
Patterns of sap flow to leaves and leaflets also differed. Daily integrated sap flow 274 was lower through petiolules than through petioles (t = 7.42, df = 24, P < 0.001; Figure  275 2). While water was withheld for one week, daily maximum v h for both leaves and 276 leaflets declined such that leaflet sap flow rates were about half of those to leaves 277 (Figure 2a) . On the day immediately following re-watering, leaves and leaflets had 278 almost equivalent sap flow rates, which continued to increase on subsequent days 279 despite declining daily maximum VPD. Daytime integrated sap flow to leaves and 280 leaflets was negatively correlated with mean VPD (Figure 2b) , both when including all 281 days and when the last five days of the drought treatment were excluded (Table 1) . 282
Nighttime integrated sap flow to leaflets was negatively correlated with mean nighttime 283 VPD, but only when including data during the drought (Table 1) . Maximum v h for leaves 284 occurred at a slightly higher VPD than it did for leaflets (2.21 kPa vs. 2.06 kPa; grey 285 symbols in Figure 2b) . 286
Patterns of sap flow hysteresis can be grouped into two main classes, 287 exemplified by data from two days from the same leaf shown in Figure 3 (Figure 3c,f) . 303
The types of VPD and PAR hysteresis differed significantly in their associated 304 time lags (Figure 4 ). For VPD, the time lag with the highest correlation was significantly 305 later for clockwise hysteresis (118 minutes) than it was for the intersected loop (27 306 minutes; t = 16.44, df = 143, P < 0.001). Similarly, for the v h -PAR relationship, the 307 average time lag with the highest correlation was significantly later for clockwise 308 hysteresis (33.9 minutes) than it was for either counterclockwise (-60.5 minutes) or 309 counterclockwise-intersected hysteresis (-11.2 minutes; t = 6.15, df = 86, P < 0.001). from its environmental drivers. In our experiment, instantaneous and daily integrated 368 sap flow declined above a threshold VPD of 2.2 kPa, a response which was remarkably 369 well conserved across days for both leaves and leaflets and was the same whether 370 maximum vh occurred in the morning or in the afternoon (Figures 2b, 3a,d daily VPD for leaves (triangles) and leaflets (circles). Black points represent the last five 599 days during the drought treatment. Grey points at the bottom mark the mean VPD (and 600 standard error) at which maximum daily sap flow occurred for leaves and leaflets. 601
Integrated daily sap flow was, on average, 30% lower for leaflets than it was for leaves. 
